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A pilot demonstration project was conducted at Eglin Air
Force Base, FL, to compare the extent of bicremediation
of a fuel-contaminated aquifer using sprinkler application
with and without nitrate addition on two adjacent 30 m x
30 m cells. Target compound groups included both
BTEXTMB (benzene, toluene, ethylbenzene, xylenes, and
trimethylbenzenes)and the JP-4jet fuel. Bioremediation
performance was monitored through the use of groundw ater
quality measurements as well as periodic core analyses.
Operation began April 1994, and an interim performance
evaluation was conducted August 1994. The final
performance evaluation was conducted May 1995. Minimal
remediation occurred during the first four months. Water
quality analyses showed that the nitrate cell subsurface
was actively denitrifying, but lysimeter samples indicated
that much of the nitrate was consumed within the rhizosphere
above the fuel-contaminated interval. A 9m x 9 m plot
inside each cell was therefore stripped of vegetative
cover and covered with a weed barrier to enhance nitrate
transfer into the subsurface. After an additional 8 months
operation, lysimeter samples showed increased nitrate
transfer to the contaminated interval beneath the nitrate cell
stripped plot, and there was higher fractional removal

of contaminant groups beneath the stripped plots as well.
On the basis of core data, BTEXTMB was reduced by

66 + 1% in both treatment cells, equivalent to a mass loss
of 106 and 21 kg in the nitrate cell and control cell,
respectively. Monitoring well data provided evidence of
sulfate reduction in the control cell but not in the nitrate
cell. In addition, post-test treatability studies using core
material from both cells demonstrated removal of alkyl-
benzenes under denitrifying and iron-reducing conditions,
with different profiles for each cell. One year after
completion of the project, BTEXTMB reductions in down-
gradient monitoring wells remained consistent with the
core data. Collective laboratory and field data indicated that
contaminant reduction occurred as a result of anaerobic
bioremediation as well as soil washing and that different
anaerobic processes predominated in the control cell

due to circulation of endogenous electron acceptors.
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Introduction

Leaking underground storage tanks are a major source of
groundwater contamination by petroleum hydrocarbons.
There have been 318 000 confirmed releases as of October
1996, and the EPAexpects another 100 000 confirmed releases
over the next several years (/). Gasoline and other fuels
contain benzene, toluene, ethylbenzene, and xylenes (col-
lectively known as BTEX), which are hazardous compounds
regulated by the U.S. Environmental Protection Agency (2).
In many cases, the problem is mitigated through the use of
in situ aerobic bioremediation, which involves the addition
of nutrients and oxygen (or hydrogen peroxide) to the
contaminated areas so that the indigenous microbial popu-
lations can degrade the contaminants (3—35). Although
aerobic bioremediation has been successfully applied (6—
8), difficulties relating to aquifer plugging and oxygen mass
transport are often encountered when water containing
oxygen or hydrogen peroxide is introduced into anaerobic
subsurface environments (9—177). This does not appear to
be as much of a problem in bioventing or biosparging
operations where air is used as the circulating medium
instead of water (12, 13). However, these technologies are
inappropriate where shallow water tables are encountered
(14, 15) and can be ineffective where contaminants are
trapped within the interior of the soil matrix (/6).

Nitrate can also serve as an electron acceptor and results
in anaerobic biodegradation of organic compounds via the
processes of nitrate reduction and denitrification (77).
Because nitrate 1s less expensive and more soluble than
oxygen, it may be more economical to remediate fuel-
contaminated aquifers using nitrate rather than oxygen.
Severalinvestigators have demonstrated that monoaromatic
hydrocarbons, with the possible exception of benzene, can
be degraded under denitrifying conditions (/8—25). This
holds true for other fuel constituents, such as polyeyclic
aromatic hydrocarbons (26—28) and breakdown products
(29-36).

Severalfield studieshave been performed on nitrate-based
bioremediation of fuel-contaminated aquifers. Results in-
clude complete removal of benzene and toluene with the
xylenes being more recaleitrant (37),a 95—98% reduction in
purgeable alkylbenzenes (38); complete removal oftoluene
with benzene,ethylbenzene, and the xylenes beingunaffected
(39); and reductions of 87%, 67%, and 34% for toluene,
ethylbenzene,and xylenes, respectively, with benzene being
recalcitrant (40). Hutchins et al. (47) investigated the use of
nitrate to promote biological removal of fuel aromatic
hydrocarbons from a JP-4 jet fuel spill at Traverse City, M1.
The field work showed that BTEX was degraded under
denitrifying conditions in conjunction with low oxygen
(microaerophilic) levels. However, a suitable control site
was not available to test the effects of treatment without
nitrate addition. Therefore, further studies were required to
ascertain the relative contribution of nitrate to BTEX
biodegradation.

The objective of this research was to compare the extent
of bioremediation using recharge with and without nitrate
addition. Our intent was not to eliminate the other biotic
and abiotic processes that mightbe operating concomitantly
with nitrate reduction butto evaluate the benefitofproviding
nitrate as a supplemental electron acceptor under field
conditions. Because this project encompassed the work of
several research efforts to provide a thorough site charac-
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terization and performance evaluation of the field project,
a complete treatment 1s beyond the scope of this paper.
Instead, we have summarized the results of both the field
study and the associated laboratory studies relating to the
fate of BTEXTMB (BTEX and trimethylbenzenes) and the
role ofanaerobic biodegradation. Otherinformation relating
to the site characterization (42—46), changes in microbial
populations (47), and reduction in sediment toxicity as
measured by FETAX (Frog Embryo Teratogenesis Assay,
Xenopus) (48) has been published elsewhere.

Methods

Detailed methods for site characterization, treatability stud-
ies, sample analysis, and performance monitoring are given
in Appendix A, and supporting data that are referenced in
this paper are illustrated in Appendices B and C (see
Supporting Information).

Site Description. The field site is located within the
Petroleum, Oils, and Lubricants (POL) facility at Eglin Air
Force Base, FL, where Air Force personnelhad first detected
a JP-4 jet fuel leak in an underground pipeline in 1984 (49).
In 1987, a pilot demonstration project on enhanced in situ
biodegradation using hydrogen peroxide was conducted (50).
Problems with hydrogen peroxide stability in the anaerobic
aquifer were encountered, which resulted in a loss of
infiltration capacity and reduced oxygen delivery to the
subsurface (57). The current study was conducted to
determine whether anaerobic biodegradation using nitrate
as an electron acceptor could be successfullyused to continue
remediation without loss of infiltration capacity.

Site Characteristics. The treatment area for this study
encompassed the area affected by the previous hydrogen
peroxide study (Appendix C, Figure 1). The shallow, sandy
aquifer 1s fairly low in TOC and is shightly acidic, especially
in the areas of fuel contamination (Table 1). Nitrogen is
available as organic nitrogen rather than ammonium or
nitrate nitrogen. Areal distribution of the weathered fuel
relative to the placement ofthe treatment cells is shown in
Figure 1. This initial site characterization revealed that the
residualcontamination was distributed 1—2m below ground
surface and the water table varied from 1.0 to 1.2 m below
ground surface. The weathered material was depleted in
benzene and toluene relative to fresh JP-4 (42); however, the
fuel-contaminated aquifer was still toxic as compared to
background core samples, based on the FETAX assay (48).
Aqueous nitrate levels were generally less than 0.1 mg/L
NOs;-N and nitrite was less than 0.05 mg/LNG,-N (Appendix
B, Table 1). In general, there was a large, viable, and active
microbial population, and selected alkylbenzenes could be
degraded under denitrifying conditions i corresponding
microcosm studies prepared with the aquifer material (46).

Field Test Design and Operation. Results from the initial
site characterization predicted that surface apphication would
be an effective delivery system (44) but that recirculation of
recharge water would plug the aquifer due to colloidal
material (45). Onthe basisofthis,two 30m x 30 m treatment
cells were delineated for treatment. One cell received
groundwater recharge amended to yield 10 mg/L of NO3-N
(nitrate cell), and the otherreceived no amendments (control
cell). The treatment cells were located downgradient of the
original fuel spill area (Figure 1). Araised berm overlying a
shallow plastic barrier extending 0.7-1.4 m mnto the sub-
surface separated the two cells. There was no other surface
orsubsurface construction for hydraulic containment. Each
cellcontained five sprinklers adjusted to cover the cellinterior
area. These were operated continuouslyat 42 Lmin ! cell™
to produce arecharge rate ofabout 6 cm/day. The recharge
water was obtained from the Floridan Aquifer through the
drinking water network for that part ofthe Base. The water
had apH of7.6and contained approximately 7mg/ Lchloride,

TABLE 1. Characteristics of Contaminated Aquifer Core
Materials Representative of Pre-Test Conditions?

Physical Characteristics?
sample location

parameter units EPA1 EPA2
coarse sand (0.5—>2.0 mm) wt% 322+50 275+6.7
medium sand (0.25-050mm) wt% 50.2+31 53316
fine sand (0.05-0.25mm) wt% 165+28 188+74
silt and clay (<0.05 mm) wt% 1.2+07 05+£03

Nutrient Status®
sample location

parameter units 80EB 80KB
pH pHunits 588+099 649+ 0.71
ammonium-nitrogen mg/kg <0.50 <0.50
nitrate-nitrogen mg/kg <0.50 <0.50
nitrite-nitrogen mg/kg <0.50 08+£02
total Kjeldahl nitrogen mg/kg 125 + 44 73+ 19
orthophosphate mg/kg <0.50 <0.50
total phosphate mg/kg 30+ 17 24 £+ 23
total organic carbon wt % 0.07 £0.06 0.02+0.02
BTEXTMB ma/kg 11.2+17.2 <0.001
JP-4 mg/kg 1380 £ 311 <10
Contaminant Distribution?
sample location
parameter units fresh JP-4 cores
alkanes wt % 58.6 + 16.8 639+£33
aromatics wt % 168 +1.3 138+£23
cycloalkanes wt % 182 +1.0 13.8+£27
alkenes wt % 14+07 12+£09
PNAs wt % 41+07 52427
other wt % 09+00 21+1.1

aValues represent meanswith standard deviation. ? Individual cores
from 0.3 — 3.4 m below ground surface, 6—7 depth intervals perlocation.
¢Individual cores from 0.9 — 2.1 m below ground surface, three depth
intervals per location. 80EB and 80K represent contaminated and
uncontaminated locations, respectively. ¢ Two replicate samples of JP-
4. Cores represent 13 core locations using most contaminated depth
interval in each depth profile.

9mg/Lsulfate, 0.1 mg/LNGO;-N,0.3mg/ L TOC, less than 0.5
mg/Lbromide,and less than 0.05mg/Leach ot NO,-N, NH,4-
N, PO4-P, iron, and manganese. BTEXTMB and JP-4 were
not detected. Because the water had been chlorinated and
still contained 1.8 mg/L chlorine as residual, it was routed
through a carbon column to remove chlorine prior to use as
recharge.

Recharge water and groundwater quality were monitored
duringsystem operation usingboth conventionaland cluster
monitoring wells. For each cell, a fully penetrating well and
a cluster well were placed in the center and at one of the
edges (Figure 2). The fullypenetrating wells were constructed
of 5-cm PVC and screened 0.3—3.4 m below ground surface.
The cluster wells consisted of five individual wells per cluster
and were mstalled separately,adjacentto the fullypenetrating
wells. Each cluster well was constructed of 0.6-mm polypro-
pylenetubing with a 6.4-cm 80-mesh steel screen. The wells
wereinstalled 1.2,1.5,2.0,2.6,and 3.4 m below ground surface
for each cluster location. A larger, less discrete cluster
consisting ofthree 5-cm PVC wells was designated EPASA-C
and mmstalled downgradient ofthe nitrate cell (Figure 2). These
were screened at 0.3—3.4,3.4-6.4,and 6.4—9.4 m for EPASA,
EPASB, and EPASC, respectively. This well cluster was
installed primarilyto determine whethernitrate was escaping
from the system. For routine monitoring, the recharge
waters, wells EPA1—4, EPASA—C, and the cluster wells were
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sampled semiweekly for the first month and then semi-
monthly for the duration of the project.

Operation began April 7, 1994, and nitrate levels were
increased to 1520 mg/L NOs-N on July 15, 1994. Short-
term tracer experiments were conducted April 7—21 and June
1024, 1994, using sodium bromide for the nitrate cell and
sodium chloride forthe controlcell. An interim performance
evaluation was conducted August 19—30, 1994, A9m x 9
m plot inside each cell was then stripped of vegetative cover
on November 14—16, 1994, and covered with weed barrier
to enhance nitrate transfer within the nitrate cell (Figure 2).
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Afinal performance evaluation was conducted May 1330,
1995, and the pilot project was discontinued. Afinalround
of water samples was collected May 1996 to evaluate long-
term performance.

Performance Evaluations. In addition to routine moni-
toring for water quality, the two performance evaluations
were conducted to provide data on the aquifer sediments as
well as more extensive water quality imformation. As with
the initial site characterization, core samples were again
obtained for contaminant distribution, microcosm studies,
microbialcharacterization, and toxicologicalevaluation, and
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water samples were obtained from other POL wells and from
points adjacent to core locations using the Geoprobe
(Appendix A). In addition, for the final performance evalu-
ation, water samples were obtained from 20 lysimeters
installed 0.5 m below ground surface at various locations
within the nitrate cell and monitored for nitrate, nitrite,
ammonium, and TOC (Figure 2). Microcosm tests were
conducted with the post-test cores from both cells to evaluate
removal of BTEXTMB under denitrifying and iron-reducing
conditions.

Results and Discussion

Operational Summary. Operation of the sprinkler system
resulted in a water table mound that was maintained
throughoutthe demonstration period (Figure 2),even though
the absolute water table varied by more than 1.2 m due to
periodic and heavy rainfall events (Appendix C, Figure 2).
Results from the initial short-term tracer study, conducted
at the start ofoperation to evaluate water movement when
the vadose zone was initially low in water content, showed
that recharge had penetrated to the deepest cluster well in
the center of each treatment cell (42). Background chloride
levels were generally low (3—5 mg/L) for all cluster wells at
the site but gradually rose to recharge levels (§8—10 mg/L)
during the study. This even occurred after about 6 months
in the deeper cluster wells at the edges ofthe treatment cells
(Appendix C, Figure 3) and in the two shallow downgradient
cluster wells EPASAand EPASB (Appendix C, Figure 4). This
indicates that most of the aquifer within the treatment area
had been cleared ofthe native groundwater. Altogether, the
treatment cells received approximately 9000 and 27 000 m?
of recharge prior to the interim and final performance
evaluations, respectively (Appendix B, Table 3). For the
nitrate cell, this corresponded to the addition of ap-
proximately 90 and 390 kg of NOs-N during these respective
time periods.

Water Quality. The lysimeter data from the interim
performance evaluation had shown that most ofthe applied
nitrate was being transported to below the root zone at two
of the five locations sampled within the nitrate cell, and
microcosm tests with radiolabels confirmed that toluene and
m-xylenecould be mineralized under denitrifying conditions
using core samples from one of these locations (42).
However, the lysimeter data showed that nitrate penetration
through the rhizosphere was not uniform, making it difficult
to estimate the total mass of nitrate being delivered to the
contaminated zone. To address this problem, part of each
testcellwas stripped ofthe vegetative cover to facilitate nitrate
transport in the nitrate cell and to provide a corresponding
control in the control cell. These stripped plots remained
essentially vegetation-free for the duration ofthe study, and
the applied recharge permeated quickly and did not pond
on the surface. Lysimeter data from the final performance
evaluation showed that higher concentrations ofnitrate were
generally found in water beneath the stripped plot as
compared to other areas of the cell, and correspondingly,
this groundwater was also generally lower in TOC (Figure 3).
These data provide good evidence that initial operation of
the pilot cells without removal of vegetation did not allow
adequate transfer of electron acceptor to the contaminated
zone. However,itisunknown whethernitrate consumption
was primarily due to denitrification processes based on decay
of vegetative growth or to nitrate-nitrogen assimilation by
the vegetation. It is also possible that nitrate transport was
enhanced outside of the stripped plots as well during the
colderwinter months when less vegetative growth and decay
would be expected. Regardless, these data show a higher
rate of nitrate transport in an area of the nitrate cell that was
more highly contaminated (Figure 1).
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Nitrate concentrations also increased in the EPAL cluster
wells, located in the center of the nitrate cell, following
installation of the stripped plots (Figure 4a), and there was
a corresponding increase in nitrite concentrations as well
(Figure 4b). Corresponding data for all four sets of cluster
wells are illustrated in AppendixC, Figures 8—10. Ammonium
nitrogen concentrations generally increased in the EPAl
cluster wells duringthe period ofactive nitrate removalprior
to stripped plot installation (Figure 4¢). This indicates the
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potential for dissimilatory nitrate reduction to ammonium,
which is consistent with the hypothesis that the fuel-
contaminated aquifer was depleted in electron acceptors.
Further evidence of dissimilatory nitrate reduction to am-
monium is provided by post-test microcosm studies, dem-
onstrating "N ammonium production from YN nitrate
utilization (Appendix C, Figure 13). Because dissimilatory
nitrate reduction to ammonium would more likely be
expected under electron acceptor-hmited conditions (/7),
these data provide supporting evidence thatnitrate was being
used asan electron acceptorin the contaminated subsurface
within the nitrate cell. The fact that nitrate transport was
enhanced and ammonium concentrations decreased after
the stripped plots were installed also supportsthishypothesis.
Aqueous BTEXTMB levels in the EPAl cluster wells had
generallydecreased priorto installation ofthe stripped plots,
although there were still high concentrations observed in
the shallowest cluster well, possibly due to residual saturation
at this location (Appendix C, Figure 5). Periodic concentra-
tion spikes were observed at other levels as well. Dissolved
oxygen was rarely detected i either cell (Appendix C, Figure
6). Collectively, these data indicate that nitrate may have
been the primary electron acceptor forthatarea ofthe nitrate
cell encompassing or adjacent to the stripped plot.
Interestingly, sulfate concentrations in the nitrate cell
EPAI cluster wells began to approach those in the recharge
water, following an initial leaching of sulfate from the upper
soil layers (Figure 5). In contrast, sulfate concentrations
generallydecreased in the controleell cluster wells following
installation of the stripped plots, although the results were
much more variable. In addition, thiosulfate was generally
detected in these cluster wells as compared to those in the
nitrate cell{AppendixC, Figure 12). These dataindicate that
sulfate mayhave been the primaryelectron acceptor for that
area ofthe controlcelladjacentto the stripped plot. Methane
and soluble manganese were not routinely monitored, and
soluble iron concentrations were similar for both treatment
cells (Appendix C, Figure 7). Therefore, other anaerobic
processes such as iron reduction, manganese reduction, and
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methanogenesismayalso have contributed, buttheir relative
effects are unknown. Analysis of cluster well samples taken
during the interim performance evaluation showed higher
levels oforganic acid intermediates in cluster wells from the
nitrate cell as compared to those from the control cell
(Appendix B, Table 4). The presence of organic acid
intermediates indicates that biodegradation of fuel hydro-
carbons was occurring in the nitrate cell. It is possible that
otheranaerobic processes were also occurring in the control
cell, butthat similar intermediates were either not produced
or were metabolized more quickly than the parent com-
pounds.

Core Data. Massestimates,based on core analyses, were
made for various contaminant groups in both treatment cells
duringthe study. Remediation was minimalin both cells for
the first 4 months of the study, based on core data from the
initial site characterization and the interim performance
evaluation (Appendix B, Table 5). This was surprising, given
the otherevidencethat biodegradation was occurring during
thistime,and mayrepresentan artifact thatresulted because
ofthe following: (a)mid-testcore locations were not selected
adjacent to pre-test core locations, (b) site heterogeneities
precluded even distribution of recharge, and (¢) the extent
of nitrate uptake within the rhizosphere was highly variable
prior to installation of the stripped plots. In contrast, the
post-test cores were obtained from locations adjacent to those
in the interim performance evaluation to minimize the effects
ofsite heterogeneity. Thisanalysistherefore focusesonmass
estimates calculated for the interim versus the final perfor-
mance evaluation, and the data show significant mass
reduction of BTEXTMB in both treatment cells (Figure 6).
Mid-test mass estimates were 160 kg of BTEXTMB and 5870
kg of JP-4 1n the nitrate celland 33 kg of BTEXTMB and 1750
kg of JIP-4 in the controlcell. On the basis of core data from
the final performance evaluations, BTEXTMB was reduced
by 66 4= 1% in both treatment cells, equivalent to a mass loss
of 106 and 21 kg in the nitrate cell and control cell,
respectively. In contrast, JP-4 decreased by 37% (2170 kg)
in the nitrate celland increased by 11% (210 kg) in the control
cell.

On the basis ofthe BTEXTMBinformation, both treatment
cells were remediated to the same extent,although the nitrate
cell contained five times more contaminants on a weight
basis. Itisnotpossibleto differentiate between remediation
bybiologicalactivity versus scilwashingbased on these data
alone. Regardless,thismassreduction led toacorresponding
reduction in aqueous BTEXTMB concentrations both within
and downgradient ofthe treatment cells. One year after the
study was completed and the groundwater was allowed to
reattain equilibrium, the cluster wells in the centers ofboth
treatment plots still showed the effects of the pilot study,
with an average reduction in aqueous BTEXTMB concentra-
tions of 80 & 21% and 87 &+ 12% in the nitrate and control
cells, respectively, as compared to cluster well concentrations
at the beginning of the study (Appendix B, Table 6).
Downgradient wells showed a corresponding aqueous
BTEXTMB concentration reduction of 72 =+ 34%, which
correlates well with the observed mass reductions in the
treatment cells.

To better assess the effects of soil washing versus
bioremediation, three additional locations within each of
the stripped plots had been sampled during the final
performance evaluation to determine whether removal of
the vegetative cover enhanced bioremediation. Inthe nitrate
cell, BTEXTMBmass removalwas 96 £ 4% within the stripped
plot area as compared to 65 + 17% immediately outside of
it. Comparison of BTEXTMBremovalwithin (41 £42%) and
outside (68 + 28%) of the control cell stripped plot was
inconclusive due to the high variability associated with these
data. It is doubtful that the enhanced removals observed
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on cores taken during (a) interim and (b) final performance evaluation and corresponding mass contours of JP-4 during {c) interim and

(d) final performance evaluation.

within the stripped plots are due to increased water transport
through the contaminated region, since the rate ofinfiltration
is substantially higher than the rate of evaporation in this
humid climate. A more plausible explanation is that the
installation of the stripped plots significantly reduced the
amount ofvegetative organic matter competing with the fuel
hydrocarbons for the available electron acceptors, including
nitrate in the nitrate cell and perhaps sulfate in the control
cell.

Microcosm Tests. Todetermine whether other anaerobic
processes could have contributed to BTEXTMB removal in
both the nitrate and controlcells, microcosms were prepared
with core samples aseptically obtained from three depths at
locations within the center of each cell. In those cores that
exhibited BTEXTMB removal, biodegradation of BTEXTMB
occurred predominantlyundernitrate- and/oriron-reducing
conditions within the first 30 days (Figure 7), but not under
sulfate-reducing or methanogenic conditions {(data not
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shown). In the nitrate cell cores, there was significant
BTEXTMB removal at each depth under denitrifying condi-
tions and attwo levelsunderiron-reducingconditions (Figure
7). In contrast, BTEXIMB removal under denitrifying
conditions occurred to a much less extent in the control cell.
It is especially interesting that BTEXIMB removal was
generally limited to wron-reducing conditions in the upper
layer of the control cell. Additional microcosm tests with
radiolabeled m-xylene confirmed that mineralization ofthis
compound under denitrifying conditions did not occur in
this layer even after 200 days, even though mineralization
was observed under iron-reducing, sulfate-reducing, and
methanogenic conditions {(Appendix C, Figure 14).
BTEXTMBbiodegradation occurred under both denitrifying
and iron-reducing conditions in the upperlayer ofthenitrate
cell (Figure 7). This depth is just below the level sampled by
the lysimeters and provides supportingevidence that nitrate
which was transported to this interval in the nitrate cell was
probably used for BTEXIMB biodegradation.
Bioremediation versus Soil Washing. Because the
recharge water was not captured and recirculated, it is not
possible to quantitate the relative effects of enhanced
bioremediation versus soil washing in this pilot demonstra-
tion project. Nevertheless, the example data support the
role ofbioremediation as amajorcomponentin the observed
remediation. Microcosm data show that biodegradation of
BTEXTMB in this aquifer could occur under different
electron-acceptor conditions, and the establishment of
different active microbial populations within the contami-
nated intervals in each of the treatment cells would imply
that significant contaminant removal occurred through
microbial processes. Furthermore, had soilwashing played
a major role, most of the BTEXITMB mass removal should
have occurred during the first phase of the study, and the
core mass data do not support this (Appendix B, Table 5).
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Additionalmicrocosm tests showed a definite enhancement
in BTEXITMB biodegradation under denitrifying conditions
downgradient of the nitrate cell (Appendix C, Figure 15).
These populations were most likely active during remedia-
tion, since elevated nitrate concentrations in the contami-
nated intervals below the rhizosphere ofthe nitrate cell were
not detected m any downgradient wells (Appendix B, Table
1). Column tests conducted with the post-test aquifer
material and operated under similar hydraulic regimes
showed that 96% ofthe BTEXmass and 78% ofthe BTEXTMB
mass that were mobilized were biologically degraded within
the columns (52). Hence, much of the BTEXTMB mitially
mobilized through soil washing may have been degraded
under denitrifying conditions during transport away from
the treatment area. In addition, modeling efforts currently
underway indicate that soil washing alone was insufficient
to account for removal of a test labile trimethylbenzene
isomer within the nitrate cell (53). Collectively, these data
indicate that most of the BTEXTMB mobilized through soil
washing was biologically metabolized.

Application of Mixed Electron Acceptor Processes.
Regardless of the specific anaerobic process or processes
involved, an important aspect of this research is that simple
recirculation of recharge, without added amendments, can
still promote bioremediation in fuel-contaminated aquifers
as long as endogenous electron acceptors are present. An
advantage ofnitrate-amended recharge in thiscase mayhave
been to increase soil pH and to facilitate the formation and
transport of ammonium throughout the aquifer, enhancing
microbial activity in general (Appendix B, Table 7). In our
study, we cannot assess the relative benefits of indigenous
electron acceptors in the recharge versus the mobilization
of electron acceptors in the vadose zone. Despite this, the
field and laboratorydata indicate thatit maybe advantageous
to utilize this approach to promote a variety of anaerobic

ED_005025_00011490-00007



processes rather than to try to establish one type ofreaction,
such as denitrification. In heterogeneous environments,
more than one microenvironment conducive to selective
reactions is likelyto exist, and establishment ofthese separate
microenvironments should be encouraged rather than
controlled. These different environments would encourage
biodegradation of other compounds that are generally
recalcitrant under denitrifying conditions, such as benzene.
Although benzene was not a significant contaminant at this
particular site, it can be degraded under iron-reducing,
sulfate-reducing, and methanogenic conditions (54—356),and
these processes occurred in both treatment cells.

At this site, most of the contamination was not in the
vadose zone. In addition, the normal depth to water varied
from 1.0to 1.2m below ground surface,and the contaminated
zone generallyextended from 1to 2m below ground surface.
Although these conditions do not favor either bioventing
(I13) or biosparging (/4), these aerobic treatment methods
should be considered as well for different hydrologic settings
(12). In situ aerobic remediation with hydrogen peroxide
was problematic at this field site (57), but additional
comparative studies are needed in comparing air mobiliza-
tion strategies to mixed electron acceptor processes for
bioremediation ofanaerobic aquifers. Field research isalso
required to optimize the use of mixed electron acceptor
treatment regimes and determine whether this strategy
should be considered for sites where contaminant levels are
too high to allow natural attenuation processes to proceed
at rates sufficient to protect downgradient receptors.
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